Abstract
77 spatial frequencies. All PDD models predict the 78 existence of higher harmonics in the refractive in-79 dex. Nonetheless, the usual method to check their 80 validity has been the use of the first order two 81 wave analytical formula derived by Kogelnik [20] . 82 It has estimated in a recent paper by Wu and 83 Glytsis [21] that the use of KogelnikÕs theory can 84 lead to worst case errors as high as 30% in the 85 value of the first harmonic component of the re-86 fractive index, n 1 , compared to the RCWT meth-87 od.
88 In a previous paper [22] we have applied the 89 RCWT method to predict the angular response 90 curve of the efficiency of the second order, in this 91 way the higher harmonics in the refractive index 92 recorded in the photopolymer have been obtained. 93 It is clear, therefore, that the use of electromag-94 netic models allowing for more than two orders, to 95 obtain information of the mechanisms of holo-96 gram formation in photopolymers is necessary. 97 In this work we implement an algorithm based 98 on the stable formulation of the RCWT proposed 99 by Moharam et al. [6] to examine the attenuation 100 of the refractive index distribution inside photo-101 polymer materials of high thickness. Apart from 102 the work by Blaya et al. [23] none of the diffusion 103 models consider this attenuation of the profile with 104 thickness. This work incorporated the effects of the 105 attenuation in the efficiency curves of the first or-106 der by using UchidaÕs first order two wave ana-107 lytical expressions [24] . In this work we extend the 108 study to higher orders and will present experi-109 mental data of angular responses of the efficiency 110 of the second order to prove that an attenuated 111 grating profile is stored in the holograms formed in 112 PVA/acrylamide based photopolymers. 
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121 single cascaded anisotropic gratings can be found 122 in [25] . 123 The profile of the dielectric permittivity will 124 only be supposed to vary in the x and z directions, 125 therefore a planar diffraction grating is studied. 126 The study will also be restricted to the case of 127 unslanted gratings so the dependence of dielectric 128 permittivity with x, z will be assumed to be in the 129 form
131 131 K is the modulus of the grating vector, which is 132 related to the period of the interference fringes, K, 133 as follows In order to apply the RCWT to obtain the ef-143 ficiency of the different orders we will study a pe-144 riodic structure such as that in Fig. 1 . All the 145 periodic structure (medium 2), the hologram, is 146 supposed to be embedded between two media, 147 medium 1 and medium 3. The hologram will be 148 divided in G different sub-gratings of thickness d g 149 each. The total thickness of the hologram, d, can 150 be obtained as the sum of the thickness of the 151 different sub-gratings
153 153 where G is the number of gratings retained.
154 Each sub-grating will be supposed to have a 155 periodic dielectric permittivity of the form
157 157 e g;h is the hth Fourier component of the relative 158 permittivity in the grating region g, which can be 159 expressed as
161 161 We will also study the case of TE polarization, so 162 the waves propagate in the xz plane, with the 163 electric field polarized in the y direction.
164 If a unit amplitude plane wave impinges onto 165 the hologram from medium 1, the electric field in 166 mediums 1 and 3 can be expressed as:
168 168 0 , h is the angle of incidence in medium 1, k 0 is 172 the free-space wavelength, e 1 is the relative per-173 mittivity of medium 1, R i is the amplitude of the 174 ith order backward-diffracted wave and T i is the 175 amplitude of the ith order forward-diffracted 176 wave. k xi is determined from the Floquet condition
178 178 where the z components of the propagation vec-179 tors for the ith orders are No. of pages: 12 
199 199 By substituting Eqs. (13) and (14) and Eq. (5) into 200 MaxwellÕs equations the following set of coupled 201 equations can be derived: 
217 where E g is the matrix formed by the permit-218 tivity harmonic components, with the i; p element 219 being equal to e g;ðiÀpÞ and K g;x is a diagonal matrix, 220 with the ith diagonal elements being equal to 221 k g;xi =k 0 . 222 The solutions of Eq. (17) 
225 225
227 227 If W g is the matrix composed of the eigenvectors of 228 matrix A g , Q g is a diagonal matrix composed of the 229 positive square root of the eigenvalues of the ma-230 trix A g and V g is the matrix V g ¼ W g Q g . The 231 quantities w g;i;m and v g;i;m represent the ith row mth 232 column elements of matrixes W g and V g , respec-233 tively, whereas q g;m is the mth element in the di-234 agonal of matrix Q g . 235 In order to obtain the values of the 2 Â N ar-236 bitrary constants in each subgrating, where N is 237 the number of orders retained, the boundary 238 conditions for the electric and magnetic field must 239 be imposed: 240 1. At the first boundary between the first medium 241 and the first sub-grating; z ¼ 0; Phase matching 242 tangential E gives
244 244 and for tangential H: 
252 252 3. Finally phase matching E and H at the last 253 boundary between the grating structure (me-254 dium 2) and medium 3;
258
The diffraction efficiencies for the different or-259 ders are expressed as:
261 261
263 263 Eqs. (21)- (26) The basis of the method consists in supposing 280 that each sub-grating can be studied indepen-281 dently, applying the RCWT method to each and 282 neglecting all reflected orders, the transmitted 283 waves generated after passing each sub-grating 284 enter in the next sub-grating. Thus, the possible 285 reflected waves coming back to a grating due to 286 the next one are disregarded. It is important to 287 notice that this is a quite good approximation for 288 volume unslanted gratings assuming there are no 289 abrupt changes of refractive index inside the 290 grating, which is acceptable in the case we are 291 studying. It should be said that the method pro-292 posed was tested with the RCWT method (no at-293 tenuation assumed) with three, five and seven 294 orders, also 3, 5 and 7 layers were used, and the 295 results were consistent. 296 The electric field incident on subgrating g can 297 be expressed as
299 299 while the electric field that emerges from grating g 300 is
302 302 Now matching the tangential components of the 303 electric field at z ¼ P gÀ1 
309 309 Tangential H:
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311 311 where
313 313 The algorithm used will be described as follows: 314 
356 0, AE 1, AE 2, AE 3,. . ., although it is important to say 357 that there were no difference observed if only seven 358 orders are used for the thickness used in the sim-359 ulations, 80 lm. For such high thickness also the 360 RCWT method for a grating without attenuation 361 was proved to converge rapidly for a few orders 362 assumed. The study was also done for the different 363 Bragg conditions, and the angular responses of the 364 efficiency of the different orders centered at each ith 365 on-Bragg replay angular condition were calculated. 366 In order to find the angles of the different orders 367 the so called impact parameter, P , was used [26] . 368 The impact parameter, P , describes whether the 369 hologram is reconstructed in the first, second, 370 third, etc., on-Bragg replay angle condition, P 371 taking the values 1, 2, 3, etc. In the unslanted case 372 the impact parameter is defined as
374 374 where b is the propagation constant inside the 375 medium and h 0 is the angle of the incidence wave 376 inside the medium. 377 It is common in holography to express the 378 profile recorded in the grating in terms of the re-379 fractive index. For this study we suppose that a 380 profile of the form nðzÞ ¼ n 0 þ n 1 ðzÞ cos½Kx þ n 2 ðzÞ cos½2Kx þ n 3 ðzÞ cos½3Kx;
382 382 was stored in the grating, where n i ðzÞ ¼ n i;0 expðÀazÞ for i ¼ 1; 2; 3: ð39Þ
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It is easy to relate the harmonic components of 385 the refractive index to the Fourier components of 386 the dielectric permittivity of Eq. (1), provided that 387 n 1 ( n 0 .In this case e AEi ¼ n 0 n i for i ¼ 1; 2; 3:
389 389 Fig. 2 shows the efficiencies of the ith orders for 390 i ¼ 0, AE 1, AE 2 and )3 as a function of the angle in 391 air for different values of a and for an unslanted 392 transmission diffraction grating of spatial fre-393 quency 500 lines/mm. All the angular responses 394 are centered at the first on-Bragg replay angular 395 condition (P ¼ 1). The values used in the theoret-396 ical calculations were a thickness of 80 lm and the 397 amplitudes of the three harmonic components of 398 the refractive index were: n 1;0 ¼ 0:004, n 2;0 ¼ n 1;0 = 399 8, n 3;0 ¼ n 1;0 =20. These values were assumed for all 400 the theoretical diffraction gratings studied pre-401 sented here. The reason of using this value of n 2;0 402 was in that it has been recently estimated [22] that 403 the ratio between the second and first harmonic 404 components of the refractive index of n 2 n 1 $ 7 is 405 stored in a PVA/acrylamide photopolymer. In all 406 the cases it is clear that the effect of an attenuated 407 profile is to decrease the efficiencies of the different 408 orders propagating in the hologram. An attenua-409 tion of the lateral lobes to the main one is also 410 observed in the case of the first and zero order. 411 This can be observed more clearly in Fig. 3 where 412 the efficiency of the first order as a function of the 413 angle of incidence is presented, the efficiency is 414 shown in logarithm scale. The effect of the atten- 
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415 uation is to smooth the diffraction efficiency curve. 416 This effect is well-known, Uchida for instance [24] , 417 explained it using analytical solutions of the dif-418 fraction efficiency of the first order obtained from 419 a two coupled wave method. 420 Fig. 4 shows the efficiencies of the ith orders for 421 
429 different harmonic components of the refractive 430 index was to smooth the off-Bragg curve. 431 In Fig. 6 Fig. 7 presents the efficiency of 438 the third order in logarithm scale. Clearly the same 439 effects observed in previous cases, is observed. 440 Nonetheless, there exist a higher number of lateral 441 lobes to the main one for the efficiency of the third 442 order if compared to the efficiency of the first or-443 der. This is due to the fact that the angular selec-444 tivity is reduced whenever the angular responses angle (degrees)
angle (degrees) angle (degrees) angle (degrees) angle (degrees) angle (degrees) 
448
In this section we will present the experimental 449 results observed in PVA/acrylamide based photo-450 polymers. The holograms were recorded in PVA/ 451 acrylamide photopolymer material using an Argon 452 laser of wavelength 514 nm. The intensity was of 6 453 mW/cm 2 . The beams impinged on the material 454 symmetric to the normal to the recording material, 455 with a beam ratio of 1:1, so unslanted transmission 456 gratings were recorded with V ¼ 1. The gratings 457 were recorded with two different spatial frequen-458 cies: 545 and 1125 lines/mm. The thickness of the 459 holograms was varied, so as to observe the effects 460 of the attenuation for varying thickness gratings. 461 To prepare the material a method similar to that 462 described in other papers was used [27] [28] [29] 
480 480 So finally it is easy to obtain the value of n 1;0 481 related to the values of a and the effective first 482 order of the refractive index n 1eff Table 1 . The dots represent the experi-491 mental data, whereas the continuous line 492 represents the theoretical simulation. As noted in 493 Section 3 the effect of an attenuated grating is to 494 smooth the off-Bragg responses, in particular the 495 adjacent lobes to the main one are slightly raised if 496 compared to a typical simulation for the diffrac-497 tion efficiency without attenuation in the refractive 498 index profile. This effect is more critical in Fig. 9 1.E-06
1.E-05
1.E-04
1.E-03 
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499 where the efficiency of the first order as a function 500 of the reconstruction angle, centered at the first 501 on-Bragg replay angle condition is presented. The 502 grating presented in this figure has the same spatial 503 frequency as that of Fig. 8 , but a higher thickness. 504 The thickness of this grating was of 750 lm. The 505 effect of an attenuated grating for this high thick-506 ness grating was a clear smoothing of the off-Bragg 507 response curve, so the lateral sidelobe nulls (ze-508 roes) have practically disappeared. 509
Figs. 10 and 11 present the efficiency of the 510 second order as a function of the reconstruction 511 angle for two diffraction gratings recorded with a 512 spatial frequency of 545 lines/mm. The angular 513 response was centered at the second on-Bragg re-514 play angular condition. The gratings have different 515 thickness, that of Fig. 10 presented a thickness of 516 117 lm, whereas the diffraction grating of Fig. 11 517 presented a higher thickness, 160 lm. In both cases 518 there is good agreement between the theory and 519 the experiment. It is also interesting to comment 520 that in both cases a second harmonic component 521 of the refractive index was stored in the hologram. 522 The ratio of the second to the first harmonic 523 component of the refractive index was found to be 524 of $1/7 in both cases. Table 1 Values of parameters a, n 1;0 , n 2;0 , d used in the theoretical simulations for transmission diffraction gratings recorded on PVA/acrylamide photopolymers 
